The curve for decay of 14C in rat liver protein labelled by injection of NaH14C03 was analysed to obtain the average turnover rate of mixed liver protein. Three different methods of analysis were used. (1) Unlike decay curves from homogeneous proteins, the curve did not fit a single exponential, but a good fit was obtained with three exponentials. By assuming that the mixture contained three major components with different turnover rates, the calculated value for the average turnover rate (k) was close to 40 % per day.
The rate of breakdown of a protein is usually measured by pulse labelling and observation of the subsequent rate of loss of label. With pure proteins the decay curve, plotted on semi-logarithmic axes, is generally close to a straight line whose gradient, in the absence of isotope recycling, is the fractional rate of degradation. If the protein is not homogeneous, however, the semi-log plot of radioactivity against time is not linear (e.g. Millward, 1970; Miehe, 1976) . The gradient of the curve decreases with time, and it is not possible to obtain a unique value for the rate of breakdown of the mixture in the way that is used for pure proteins. Measurement of decay of label, which has been used to compare rates of turnover of cellular organelles (Arias et al., 1969) and changes in turnover brought about by dietary variation (e.g. Millward, 1970) , therefore lacks precision, because the result is dependent on the duration of the experiment.
The decay curve of rat liver protein has been measured after labelling by injection of NaH4CO3, a precursor that has been shown to result in minimal re-utilization of isotope (Garlick & Millward, 1972; Garlick & Swick, 1976 ).
Methods
We have analysed the decay curve obtained previously by . Briefly, the experimental details are as follows. Female Holtzman rats weighing 230-250g were housed individually in wire-bottomed cages and maintained at 23°C in a room with a 12h light-dark cycle. Food (12 %-casein diet; Chee & Swick, 1976) and water were available ad libitum. The mean weight gain was less than 3 % over the 6-week period. The rats were given 1 mCi of NaH'4CO3 (50Ci/mol; Amersham/Searle, Arlington Heights, IL, U.S.A.) by intraperitoneal injection, and killed in groups of four at intervals from 1 h to 41 days thereafter. Live proteins were prepared for radioactivity measurements as described by . Radioactivity was measured by counting the samples in a Packard Tri-Carb liquid-scintillation counter with Aquasol (New England Nuclear Corp., Boston, MA, U.S.A.) as a scintillation mixture. Protein was determined (Lowry etal., 1951) The simplest method is to plot the curve on linear graph paper, cut out the area and weigh it, but a mathematical approximation was preferred. It is assumed that the curve between two adjacent experimentally measured points (specific radioactivities S. and S2 at tinms t, and t2) can be approximated to a single exponential to calculate the area beneath it. It can readily be shown that the area beneath an exponential curve is equal to (S1-S2)(t2-t1)/ln(51/S2).
The total area under the curve is then calculated by summation of the areas under the separate sections.
For estimating the area under the tail of the curve, after the last measured point, it is assumed that the exponential appropriate to the last two points (S-,1, S,.) continues to infinite time. The area under the tail is therefore S,( t,_1)/ln(S._JS,,J.
Simulation ofdecay oflabel in modelprotein mixtures
The total label (R,) in a model mixture at different times after labelling by a pulse dose of tracer was calculated by assuming that initial labelling of each protein was proportional to its turnover rate, k, (Koch, 1962) , that there was no re-utilization oflabel, and that decay of each protein was exponential. Hence: n Rt = C 2 (ml k, e") 1-.i where ml is the mass of a single protein, and C is a constant. For a number of different time-points, the apparent turnover rate of the mixture (ka) was calculated by assuming that the decay between zero time and that point was exponential, i.e. R,/Ro =e-*-.
A curve of ka against the time-interval (t) was plotted for each model mixture ( 
Decay of label in protein
The complete decay curve of label in total liver protein over a 41-day period after injection of NaH'4CO3 is shown in Fig. 1 . Each point is the mean from four animals. Peak labelling occurred at approx. 1 h, after which 60% ofthe label was lost in the first day. The subsequent decay was much slower, but by 41 days, less than 0.3 % of the label remained. The change in gradient with time is illustrated if the apparentturnoverrate is calculated on the assumption that decay between two time-points is exponential, the method that is used for purified proteins. The decay between peak labelling (1 h) and 1 day gives an apparent turnover rate of 77 %/day, whereas that between peak labelling and 30 days gives 17%/day. This method is therefore useless for obtaining the mean turnover rate of total liver protein. However, it is logical to assume that the reason why the curve is not a single exponential is because of the heterogeneity ofturnover rates ofliver proteins, and that the curve might therefore be better described by a number of exponential terms. The following three analyses of the curve are based on this assumption.
Three-exponential fit
The experimental data were fitted to the following expression as described in the Calculations section: Specific radioactivity -2 (Xi e't) 1=1 A three-exponential expression (n= 3) gave a somewhat better fit than a two-exponential (n = 2). Because, when n= 3, the reconstituted curve fits the experimental data so well, it seemed unlikely that the addition of more components would give a better resolution of the curve (see Fig. 1 ). The values of Xi and Al for the three exponentials are shown in Table 1 .
The fact that the curve approximates to a threeexponential one suggests that the protein mixture can be regarded as three groups of proteins whose masses and average turnover rates can be derived from the values of Xi and Al. This is clearly an arbitrary division of liver proteins, which exhibit a wide spectrum of turnover rates (Schimke, 1970) . The choice of three exponentials rather than four or more is governed more by the degree of precision in the data than by any correspondence to physiological reality. As shown in the Calculations section, the three values of A, are the fractional turnover rates of the three The three exponentials were derived from the curve shown in Fig. 1 Table 2 . Relative masses and turnover rates (k) of the components in the modelprotein mixtures used to construct the curves ofFig. 2 In model 1 the proteins are present in equal amounts, and turnover rates cover a fairly wide range. In model 2 proteins are in unequal amounts, with a similar range of turnover rates, and in model 3 the disproportions are exaggerated. Model 4 is a condensed form of the list of turnover rates of liver enzymes given by Schimke (1970) . The liver was assumed to contain unit quantity of each enzyme in the list (e.g. there were four enzymes with turnover rates close to 1.09 days-'). k, the mean turnover rate of the mixture, was calculated as described in the Calculations section. (Heath & Barton, 1973 Table 2 . For each model the apparent rate of turnover (ka) was plotted against the timeinterval over which it was measured (Fig. 2) . ka was calculated by assuming that decay between zero time and a later point was exponential, equivalent to drawing a straight line on a decay curve (on semi-log axes) between the initial point and a later point and measuring its gradient. The notable feature of the curves shown in Fig. 2 is that in spite of the considerable variation in ka with time, the point where ka = k, indicated on each curve by a triangle, is at an interval of three to four times the mean half-life of the mixture. We can find no theoretical reason why this should be so, but it has been true for all other models that we have tested, when these bear any similarity to the type of mixture that we expect in living tissues.
In practical terms, since we do not already know the mean half-life of the mixture, measurement to the point where the specific radioactivity has decayed to 1976 Table 2 The method of constructing the curves is given in the Calculations section. It was assumed that the initial specific radioactivity of each protein was proportional to its turnover rate, and the points on the decay curve for the mixture were then calculated. The apparent turnover rate of the mixture (ka) was determined from the gradient of the line drawn between the initial point and a later point (t) on the curve, on the assumption that decay between these two points was exponential. The graph shows the values of ka corresponding to different periods of measurement (t) for each model. t was expressed in terms of the number of mean half-lives elapsed (t/T*). The mean half-lives (T*) of the mixtures were calculated from the average protein turnover rates (k) given in Table 2 . Separate curves are shown for models 1, 2, 3 and 4, and the triangles (A) show the position on each curve where ka = k. 10 % ofits initial (peak) value should give a reasonable estimate of k. In Fig. 1 , the decay curve for liver protein in vivo, 10% of peak labelling occurs after 6 days and gives a value for k of 40%/day. This method therefore is able to give an estimate of the mean rate of turnover with both simulated decay of label in model mixtures of protein and decay of labelled liver protein in vivo. Further, the time-interval required for measurement ofk for liver protein is only 6 days, compared with a minimum of 21 days for the more complete analyses presented above.
Discussion
The three methods we have used to overcome the non-exponential loss of isotope from protein mixVol. 156 tures caused by heterogeneity of turnover rates rely on the same set of assumptions, which were made clear in the Calculations section. These are that a steady state is maintained throughout the experiment, with the turnover rates of the proteins remaining constant, and that there is no recycling of isotope. Except when the protein mass is changing very rapidly, recycling of isotope is likely to be the most important. This has been minimized by the use of NaH"4CO3 to label protein (Millward, 1970; Ip etal., 1974; Ip & Harper, 1975) . Although the three methods all give the same result, a better check on their credibility is to compare the results obtained here with those obtained by a different method, in this case by incorporation of labelled amino acids (Table  3 ). In the steady state, the rate of synthesis equals the rate ofbreakdown; incorporation and decay measurements should then give the same result. The values in Table 3 show that the results obtained from the decay curve are in the middle of the range of results from incorporation experiments. Reasons for discrepancies include: (i) any recycling of label in the decay experiment would result in an underestimate of k; (ii) an error in the incorporation experiments caused by heterogeneity of protein turnover rates; this error is likely to be small ifthe experiment is short in duration (Koch, 1962; Garlick & Millward, 1972) ; (iii) uncertainty about the site and specific radioactivity of the free amino acid during incorporation. In experiments in which we believe this problem is not serious (e.g. Swick, 1958; Fern & Garlick, 1974) , there is fairly good agreement with the results from decay.
In addition, the results from all methods will be influenced to some extent by the synthesis of plasma proteins in the liver. With the decay curve their influence will be very small, since they leave the liver shortly after synthesis (16min for albumin; Peters & Peters, 1972) and the measurements of decay only begin after 1 h. The measurements of incorporation used for comparison have been obtained from experiments lasting a few hours or more, and the contribution of plasma proteins to the estimates of liver protein synthesis will also be small.
Curves for incorporation of radioisotope into liver proteins have also been analysed to give fractions with different turnover rates (Buchanan, 1961; Richmond et al., 1963) . Koch (1962) re-processed the data of Swick (1958) Garlick et al. (1973 Garlick et al. ( , 1975 42-67 4CO32-feeding Swick (1958) 30 "4C]Lysine injection Haider & Tarver (1969) 41 ["4C]Lysine infusion Waterlow & Stephen (1968) 77 ["4C]Glycine infusion Fern & Garlick (1974) 36 have obtained from the decay curve represent yet another way of describing the turnover ofliver proteins, which also fits the data used by Koch (1962) . A simulation (similar to the one used to construct the curves of Fig. 2 ) of the labelling of the three protein fractions given in Table 1 during exposure to a precursor of constant specific radioactivity predicts an apparent turnover rate at 1 day of 30.0-%/day and at 8 days. of 18.9 %/day. These values are almost identical with the data used by Koch (1962) in the analysis described above. It is noteworthy that the estimate of the turnover rate of the largest fraction gives a half-life of 2.5 days for this component (Table 1 ). This value is not unlike that obtained in most experiments using NaHl4CO3 when the disappearance of radioactivity is measured between day 1 and days 4-6, an interval frequently used in such studies. The component turning over fastest will have gone through three half-lives before the first measurement is made, and thus has been overlooked in most experiments. The size of the third component is surprising, but may be lrgely discounted because the greatest error is. encountered in its estimation. To estimate this component more accurately, it would have been necessary to define the tail of the curve with rmore data points over a longer period of time.
Of the three methods that we have used, division into exponentials gives most information about the turnover of liver protein. Although the fractions derived are a somewhat arbitrary division of liver proteins according to their turover rates, in cultured fibroblasts the breakdown process has been shown to differentiate between 'fast' and 'slow'-turning-over proteins (Poole, 1975) . However, the method needs the use ofa computer, and in situations where it is the mean rate of breakdown that is required the stochastic method will be found to be more convenient.
The nethod ofmeasuring the decay to 10% ofpeak labelling was devised because the full analysis by either of the other methods needs an accurate decay curve to be measured over an inconveniently long time-period, 21 days,at least. All the methods assume that a steady state is maintained, and in many cases this would not be possible for such long time-periods. Only a few days are required for decay to 10 % ofpeak radioactivity to occur. Although this method was derived empirically, it has provided an estimate of the mean turnover rate of a protein mixture which agrees with that obtained by other methods. For comparisons of mean turnover rates, for example in different cellular organelles or in tissues of animals given diets of different composition, measurement to 10% of peak radioactivity is more suitable than conventional methods in which decay is measured over an arbitrary time-interval.
